We have surveyed 18 natural populations of Drosophila melanogaster for the presence of 23 retrotransposon-geneassociation alleles (i.e., the presence of an LTR retrotransposon sequence in or within 1,000 bp of a gene) recently identified in the sequenced D. melanogaster genome. The identified associations were detected only in the D. melanogaster populations. The majority (61%) of the identified retrotransposon-gene associations were present only in the sequenced strain in which they were first identified. Thirty percent of the associations were detected in at least one of the natural populations, and 9% of the associations were detected in all of the D. melanogaster populations surveyed. Sequence analysis of an association allele present in all populations indicates that selection is a significant factor in the spread and/or maintenance of at least some of retroelement-gene associations in D. melanogaster.
Introduction
Retrotransposons are eukaryotic transposable elements having a life cycle that includes reverse transcription of an RNA intermediate (Boeke and Stoye 1997) . Retrotransposons constitute a significant fraction of most eukaryotic genomes. For example, in species with relatively large genomes, such as humans, it is estimated that nearly half of the genome is composed of retrotransposon sequences (Venter et al. 2001; Lander et al. 2001) . The abundance of retrotransposon sequences in the genomes of some plant species is even higher. For example, at least 50% of the maize genome (SanMiguel et al. 1996) and approximately 90% of the genome of some species of lilies (Flavell 1986 ) are composed of retrotransposons. In species with smaller genomes, such as yeast, nematodes, and fruit flies, the percentage of retrotransposon sequences in the genome is much less, typically ranging from 1% to 10% (Cherry et al. 1997; Celniker et al. 2002; Kaminker et al. 2002; Kidwell 2002) .
While the adaptive significance of transposable elements (TEs) was assumed by those researchers that first discovered them (e.g., McClintock [1951] and Shapiro [1977] ), subsequent theoretical and population genetic studies (e.g., Hickey [1982] and Charlesworth and Langley [1989] ) called this assumption into question and proposed that retrotransposons and other transposable elements are more appropriately viewed as parasitic-like sequences that provide little or no adaptive benefit to their hosts (e.g., Charlesworth [1988] ). More recent findings in molecular biology and genomics indicate that this negative indictment may have been premature. Presently, there are a large and growing number of examples of retrotransposon sequences located in or near genes that have been shown to have a significant effect on gene expression (Britten 1996; Brosius 1999; Landry, Medstrand, and Mager 2001; Medstrand, Landry, and Mager 2001; Sorek, Ast, and Graur 2002; Lerman et al. 2003) .
The growing availability of the complete sequence of a variety of genomes is providing an unprecedented opportunity to more objectively assess the contribution of transposable element sequences to gene structure and function. The genomic approach typically begins with the identification of a TE-gene association (i.e., the occurrence of a TE sequence in or near a gene) in a sequenced genome (Maside et al. 2002; Petrov et al. 2003) . For example, it has recently been shown that the majority of long terminal repeat (LTR) retrotransposon sequences in C. elegans are located in or near genes (Ganko, Fielman, and McDonald 2001; Ganko et al. 2003) . Likewise, recent computational analyses of the sequenced human genome indicate that retrotransposon sequences are located in the coding regions of at least 4% (Nekrutenko and Li 2001) and in the promoter regions of at least 25% (Jordan et al. 2003 ) of human genes. However, the mere identification of a TEgene association in a sequenced genome is not, in itself, indicative of adaptive significance because it may only represent an insertional mutant unique to the sequenced strain. If, on the other hand, a given TE-gene association is shown to be in high frequency or fixed within a species or among closely related species, this may be taken as putative evidence that the association is of functional significance. The selective hypothesis can be subsequently tested for each candidate adaptive association by sequence and/or molecular analyses.
Our laboratory has long been interested in the evolution and significance of transposable elements in Drosophila (e.g., McDonald [1990] and McDonald [1993] ). We have recently initiated a study to identify LTR retrotransposon-gene associations (i.e., the presence of an LTR retrotransposon sequence in or within 1,000 bp of a gene) in the sequenced Drosophila melanogaster genome (Ganko et al., unpublished data) . We have subsequently initiated a survey of the presence of these LTR retrotransposon-gene associations in natural populations. In this paper, we report the presence of 23 previously unidentified LTR retrotransposon-gene associations in the sequenced Drosophila genome. Using a polymerase chain reaction (PCR)-based approach, we have searched for the presence of each of these associations in 18 natural populations of D. melanogaster. The results indicate that the majority of the associations identified in the sequence strain involve recently inserted elements and that these associations are endemic to the sequenced strain. In contrast, those associations that were found to be widespread among populations are composed of relatively small retrotransposon fragments that are presumably of much older origin. We present evidence of a selective sweep of a retrotransposon-gene association present in all D. melanogaster populations surveyed.
Methods

Identification of LTR-Gene Association in the D. melanogaster Genome
Using previously identified Drosophila LTR retrotransposon sequences as queries (Bowen and McDonald 2001) , sequence retrieval was initiated via BlastN searches (default parameters [Altschul et al. 1997 The DNA used in each reaction (100 ng) was separately isolated from 10 flies (five males and five females per isolation) according to previously described methods (Gloor et al. 1993) . PCR products for each primer were amplified in a 25ll reaction containing 3mM MgCl 2 , 10X 1  1  1  1  1  1  1  1  1  1  1  1  1  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2 PCR buffer supplied by Pierce (Rockford, Ill.), 2% DMSO, 0.2mM dNTPs, 0.5lM of each primer, and 0.5U of Taq DNA polymerase supplied by Pierce [Rockford, Ill.] . The program consisted of an initial incubation at 948C for 5 min followed by 35 cycles each consisting of 30 s at 948C, 1 min at the annealing temperature specific for each primer pair (see table 3 in Supplementary Material online), 1 min (per kb of PCR product) at 728C and a final extension cycle 10 min at 728C (final extension). All reactions were carried out in a Hot Top-equipped Robocycler Gradient 96 (Stratagene, La Jolla, Calif.). 25 ll of each PCR product was separated on 1% agarose gel in 0.53 TBE running buffer containing 0.25lg mL 21 ethidium bromide. Gel images were analyzed by UV transillumination.
Sequencing PCR products were agarose gel purified (Qiaquick, Qiagen, Valencia Calif.) and cloned with TOPO TA (Invitrogen, Carlsbad, Calif.). DNA sequencing was performed in the Molecular Genetics Instrumentation Facility at the University of Georgia. Sequencing primers and primers used for amplifying sequenced PCR product, when different from the association primers, are shown in table 3 on Supplementary Material online. Sequence readouts were checked manually for accurate base callings and were assembled with Sequencher (Genes Codes, Ann Arbor, Mich.). The length of the region analyzed is given according to the expected length in the sequenced strain and the polymorphic site positions are located relative to this reference sequence. Nucleotide sequences were aligned using ClustalW (MacVector 7.0). As a control for PCR errors, we also sequenced the published y 1 ; cn 1 bw 1 sp 1 strain. Population genetic parameters were obtained using DnaSP version 3.95.7 (Rozas and Rozas 1999) .
Results
Twenty-three new LTR retrotransposon-gene associations were selected for analysis. Genome sequence analysis resulted in the identification of over 300 hundred LTR retrotransposon-gene associations (Ganko et al., unpublished data) . These associations consisted of fulllength and smaller, fragmented LTR-retrotransposon sequences located both within genes and adjacent to genes. The 23 associations selected to be representative of the variety of sizes and location of gene-associated element sequences are shown in table 1. The sequences analyzed include six full-length LTR retrotransposons, nine LTRs, and eight fragments, ranging in size from 281 bp to 9212 bp. There were two instances in which a single retrotransposon sequence was associated with two genes (a 297 LTR was flanked by the Ken and TM4SF genes; a 659-bp Quasimodo LTR was flanked by the spn3 and CG9333 genes).
LTR retrotransposon sequences were located within the Flybase-predicted transcriptional boundary (including untranslated leader regions [UTR] introns and exons) of 12 genes. Six of these 12 associations were located within introns. Of the remaining six associations, two were in the 39 UTR, 3 were in the 59 UTR, and one spanned part of an exon and intron. Of the 11 LTR retrotransposon sequences located outside of gene boundaries, six were located 59 (ranging from 68 to 939 bp upstream from the transcriptional start site) of the gene and five were located 39 (ranging from 8 to 491 bp downstream of the polyA addition site) to the gene.
The majority of the LTR retrotransposon-gene associations identified in the sequenced genome were not detected in natural populations. Two sets of PCR primers were designed for each retrotransposon-gene association, one to amplify a portion of the associated gene and the other to amplify a portion of the associated retrotransposon sequence. Appropriate pairs of these gene and retrotransposon primers were combined to detect the presence or absence of each retrotransposon-gene association in strains representing 18 geographically dispersed populations of D. melanogaster.
More than half (14 of 23, or 61%) of the associations were detected only in the sequenced strain (tables 1 and 2). Of these, the majority of the associated elements (80%) were full-length or nearly full-length in size and had identical or nearly identical LTRs (. 99% sequence identity). This is consistent with the possibility that these elements have inserted in the recent evolutionary past and, thus, represent mutational polymorphism within the sequenced strain. Seven of the 23 associations were detected in some but not all of the D. melanogaster populations (tables 1 and 2). Some of these alleles were found to display slight indel variation in the size of the associated retrotransposon sequence (fig. 4) .
Two associations were detected in all 18 D. melanogaster populations. Two of the 23 associations (9%) were detected in all 18 of the D. melanogaster populations surveyed (tables 1 and 2 and fig. 1 ). One of these associations is a promoter-containing 268-bp Quasimodo LTR fragment located 207 bp 59 to the CTCF (CG8591) gene ( fig. 2A) . The second is a Beagle fragment (593 bp) located 458 bp 39 to CG17514 gene ( fig. 3 ). The CTCF (CG8591) gene maps to a euchromatic region (65F6) on chromosome 3L (www.flybase.org), whereas the CG17514 gene maps to constitutive heterochromatin (Hoskins et al. 2002) .
Sequence Analysis
To gain insight into the factors that may have contributed to the widespread distribution of the Beagle-CG17514 and Quasimodo-CTCF alleles in D. melanogaster populations, we sequenced various regions in and around the LTR retrotransposon sequence associated with each of these two widely distributed alleles in six geographically diverse populations (Athens, California, Germany, Kenya, India, and Antilles). The resulting sequences were aligned with one another and with that of the sequenced y 1 ; cn 1 bw 1 sp 1 strain. We sequenced the 1,144-bp region containing the Beagle fragment and the adjoining 59 flanking region (including the 39 UTR) of CG17514 ( fig. 3) . We also sequenced an additional 882-bp coding region (exon 3) within the CG17514 gene. This coding region was found to contain the highest number of polymorphic sites among the six natural populations and sequenced y 1 ; cn 1 bw 1 sp 1 strains (6.1% divergence). The sequence of the region containing the Beagle fragment (6.1% divergence) and the adjacent intragenomic region (3.3% divergence) were also found to be highly polymorphic among the six populations and the sequenced y 1 ; cn 1 bw 1 sp 1 strain. In an 1,863-bp region containing the Quasimodo LTR fragment and a portion of the CTCF gene, there were a total of 38 polymorphic sites, of which 14 were small indels. Remarkably, the entire 281-bp Quasimodo LTR fragment was found to be identical in sequence among all six natural population samples (0% divergence), as well as in the sequenced y 1 ; cn 1 bw 1 sp 1 strain. The sequence of the immediately adjacent CTCF exon 1 (59 UTR) was nearly invariant (0.3% divergence) among all strains. Higher levels of intraspecific variation were, however, detected in the more distal intron 1 (2.5% divergence) and exons 2 and 3 (3.0% divergence) of the CTCF gene ( fig. 2) .
Discussion
Intraspecific patterns of nucleotide and retrotransposon-gene allelic variation appear to be distinct. Several techniques have been used to estimate levels of nucleotide genetic variation within and between species. In the early to middle 1970s, extensive studies of allozyme variation were carried out within and between species of Drosophila (Ayala 1975) . The general conclusion was that relatively little nucleotide genetic variation exists between populations of Drosophila species. Local populations of Drosophila were estimated to be greater than 95% identical based on the results of allozyme studies, and this value has been generally supported by subsequent restriction fragment length polymorphisms (RFLP) and direct sequencing based studies (Aquadro et al. 1992) .
The results presented in this paper suggest that the story is quite different with regard to retrotransposon insertional variation in or near genes. We estimate that in the sequenced Drosophila melanogaster genome, approximately 2% of the genes (approximately 300 genes) are associated with an LTR retrotransposon sequence (i.e., an LTR retrotransposon sequence in or within 1,000 bp of the gene) (Ganko et al., unpublished data) . The results presented in this paper suggest that the vast majority of these associations (;61%) are endemic to the sequenced strain. Previous studies indicate that the genome of the sequenced strain is a typical D. melanogaster genome with respect to the number and distribution of transposable elements (Kaminker et al. 2002) . In so far as this is correct, our results indicate that although there appears to be a relatively large number of retrotransposon-gene associations present in D. melanogaster genomes, the majority of these variants are likely to be population/strain specific.
We did find, however, that a significant proportion of the retrotransposon-gene associations present in the sequenced genome are widely distributed among natural populations. Indeed, 39% (nine of 23) of the retrotransposon-gene associations identified in the sequence strain were detected in at least two populations, and more than 30% (seven of 23) were detected in at least seven out of the 18 populations. Nine percent (two of 23) of the retrotransposon-gene associations were detected in all of the 18 populations surveyed.
Previous surveys of transposable-element insertion variants using in situ hybridization and RFLP methodologies (Charlesworth and Langley 1989) failed to detect insertion variants that were widespread among D. melanogaster populations. However, the ability of these techniques to detect relatively small insertions are limited, and our results indicate that most of the retrotransposongene associations that are widespread among populations are composed of relatively small retrotransposon fragments (tables 1 and 2).
The majority of the retrotransposon-gene association variants that are unique to one or a few populations are likely of recent evolutionary origin. When LTR retrotransposons initially integrate into genomes, they are generally full-length in size; that is, they are composed of gag, pol, and sometimes env genes flanked by identical LTRs (Boeke and Stoye 1997) . Full-length Drosophila LTR retrotransposons are typically 5 to 7 kb in length (Archipoda, Lynbaniskaya, and Ilin 1995) . Over time, these full-length elements generally decrease in size because of the gradual accumulation of small deletions or by other mechanisms believed to actively remove transposable element sequences from the genome (Petrov 2002) . In our study, more than 60% of the LTR retrotransposon sequences that are unique to the sequenced strain are more than 3,000 bp in length and most are full-length or nearly full-length elements. In addition, retrotransposongene associations identified in the sequenced strain that are also present in only a few (1 to 3) of the 18 natural populations surveyed are also composed of full-length or nearly full-length retrotransposons (e.g., roo-DopR and 297-Syn). The degree of sequence identity among the 59 and 39 LTRs of a full-length LTR retrotransposon can be used to estimate the time elapsed since the element transposed (SanMiguel et al. 1998; McDonald 1999a, 1999b) . All full-length elements found to be associated with genes in our survey displayed greater than 99% sequence identity, indicating that they have been recently inserted. These observations stand in contrast to the fact that those associations more widespread among populations (eight or nine out of 18) are composed of retrotransposon sequences no larger than 659 bp in length. The two associations that were found to be present in all 18 populations surveyed were composed of retrotransposon fragments of only 207 and 593 bp in length respectively.
We conclude from these results that most of the retrotransposon-gene associations that are strain/population specific or present in only a few populations are the products of relatively recent insertional events. This is consistent with previous results indicating that essentially all full-length elements present in the D. melanogaster genome are much younger than the age of the species (Bowen and McDonald 2001; Kaminker et al. 2002) . As elements age and/or are spread among populations, they appear to become significantly reduced in size. The question remains as to whether or not those retrotransposon fragments that remain associated with genes over relatively long spans of evolutionary time are of adaptive significance.
Sequence analysis indicates that the widespread Quasimodo-CTCF gene association has undergone a recent selective sweep. There are at least three plausible explanations for the widespread distribution of retrotransposon-gene association alleles among Drosophila melanogaster populations. It is possible that the insertion alleles were present in the common ancestor of presentday populations and have been maintained by chance or selection in some or all populations over evolutionary time. A second possibility is that the insertion allele arose more recently in some population and has been spread to other populations by migration coupled with the action of drift and/or selection. A third, less likely, possibility is that the insertion event occurred independently in many or all of the populations in which the retrotransposongene association is currently present. We consider this latter possibility extremely unlikely for at least two reasons. First, new LTR retrotransposon insertions typically involve full-length elements and, as discussed above, all of the associations that are widespread among populations surveyed are composed of relatively small fragments of retrotransposons. Second, the precise insertion site of any given associated retrotransposon sequence is the same among all associated alleles, indicating that each is likely the product of the same insertional event. Under any scenario, if the retrotransposon-gene associations are being maintained or spread by random processes, neutral substitutions would be expected to accumulate among the homologous variants over evolutionary time.
In an initial effort to assess the relative roles of drift and selection in the maintenance of widespread retrotransposon-gene associations, we have examined the patterns of sequence variation in and around the retroelement sequences in the two associations that were detected in all of the 18 populations surveyed in this study. Figure 3 displays the levels of variation in and around the Beagle retrotransposon sequence associated with the CG17514 gene among six of the 18 geographically diverse populations in which it is found. The level of polymorphism within the Beagle element and adjacent intergenic region is twice as high among populations (6.6%) as in the gene-encoding region (3.3%). This pattern of variation provides no evidence of selection operating on the retrotransposon sequence. The fact that this association is located within a constitutively heterochromatic (and, thus, low recombinogenic) region of the genome may help explain why it has been widely maintained in the species, despite the apparent absence of positive selection.
In contrast, figure 2 displays the patterns of nucleotide variation in and around the LTR fragment located just upstream of the CTCF gene among these same six populations. The level of sequence variation is significantly reduced in the upstream region immediately adjacent to the fragmented retrotransposon. Indeed, we found that the 281-bp sequence of the Quasimodo LTR fragment itself is sequentially identical among all six populations (0% divergence). Nucleotide variability remains remarkably low in the intergenic region immediately adjacent to the Quasimodo sequence (0.3%) but gradually increases as a function of distance from the insertion site, reaching a maximum of 3% in the regions of exons 2 and 3 that were sequenced. These results are consistent with a selective sweep centered in the Quasimodo LTR fragment (e.g., Hudson, Saez, and Ayala [1997] and Saez et al. [2003] ). Future molecular studies will be required to delineate the likely functional significance of the Quasimodo sequence on CTCF gene expression.
